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RESEARCH MEMORANDUM

for the
Bureau of Aeronauticg, Navy Department
INVESTIGATION OF 10-STAGE AXTAT.-FICW X24C-2 COMPRESSOR
I - PERFORMANCE AT INLE‘I' PRESSURE OF 21 INCHES MERCURY
ABSOLUTE AND INLET TEMPERATURE CF 538° R

By Harold J. Schum and Howard A. Buckner, dJr.

SUMMARY

An investlgation 1s being conducted to determine the perform-
ance of the 10-stage axlial-flow compressor from the X24C-2 turbojet
engline, The performance of the compressor at . an inlet pressure of
21 inches of mercury absolubte and an inlet temperature of 538° R
for percentages of equivalent design speed fram 30 to 100 has been
determined.

At the equivalent design speed of 12,000 rpm, the compressor
produced a maximum pressure ratio of 3.44 at an equivalent weight
flow of 54.0 pounds per second and an adisbatic temperature-rise
efficiency of 0.803. This welght flow was within approximately
1 percent of the design value of 54.6 pounds per second but the
pressure ratic was 14 psrcent lower than the deaign pressure ratioc
of 4, The peak adlabatic temperature-rise efficlency at equiva-
lent design speed was 0.828 at a pressure ratlio of 3.02 and an
equivalent welght flow of 55.9 pounds per second. The campressor
had & comparatively large surge-free operating range of welght
Flow for a glven speed up to 89 percent of equivalent design speed.
The peak adlisbatic tempsrature-rise efficiency for a given speed
generally occurred at values of pressure coefficlent falrly close
to 0.35. For this compressor, the effliclency data at the various
speeds could be correlated on two converging curves by the use of
a polytropic loss factor derived herein. The performence of the
X24C~-2 axial-flow compressor ab the higher values of equivalent
speed is summerized in the following table:
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At peak sdlebatic temperature-
rise efficlency -

Percentage | Adlabatic ‘Pressure | Mean prea~ | Corrected
equivalent | temperature-| ratio sure coef - | air-welght
design rise effi- flcioent Tlow
speed ciency (1b/eec)
100 0.828 3.02 0.338 65.9
89 0.846 2.80 0.360 48.4
80 0.827 2.18 0.354 41.1
72 0.812 1.91 0.356 33.7

At pesk pressure ratlo and
psak pressure coefficlient

|
100 0.805 . 3,44 | 0.385 54.0
89 0.823 2.79 0.391 46.6
80 0.813 2,28 0.374 39.4
72 0.744 1.97 0.375 30.4
INTRODUCTION

At the request of the Bureau of Asropautics, Navy Deparb-
ment, en Investigation 1s being conducted at the NACA Cleveland
lsboratory to determine the performance characteristice aof the
l0-stagse axial-flow compressor of the X24C-2 turbojet englne.
This compressor was designed to handle 54.8 pounds of alr per
second at a pressure ratio of 4 with sea-level inlet comnditions
and a rotor epeed of 12,000 rpm. The construction arnd setup of
this investigation are similar to those of the 19B and 19%B com-
pressors (references 1 and 2).

The performance of the compressor at the maximum constant
inlet pressure obtainable with the laboratory exhaust facilities
is presented herein. Subsequent reports of this investlgation
will present the separate effects of inlet pressure and Inlet
temperature on compressor performance, the result of surging
studies, end material obtained from comprehensive interstage
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measurements. For the phase of the investigation reported herein,
runs with an inlet temperature of approxrimately 538° R were made ab
30, 40, 47, 55, 65, 72, 80, and 89 percent of design speed at an
inlet pressure of 21 Inches of mercury sbsolute. At design spesd,
however, excess pressure drop through the compressor-inlet piping
limited the inlet pressure to 19.5 inches of mercury absolute. AL
each speed runs were made over the entire range of surge-free air
flows. Ccmpressor pressure ratio, welght flow, adisbatic
temperature-rise efficlency, pressure coefficient, and other per-
formance charscteristlics as well as the results of iIinterstage
statlic-pressure measurements are presented.

COMPRESSOR

The X24C-2 compreasor was Gesigned for an alr-welght flow of
54.6 pounds per second and a pressure ratic of 4 at 12,000 rpm
wlth sea-level inlet conditlons. The compressor consists of a row
of inlet-gulde vanes, 10 rows of robtor blades, nine rows of stator
blades;, and two rows of outlet-gulde vanes. The pertinent blade
data are given In table I. The compressor has a. maxinum over-all
dlasnmeter of 23§ inches at the outlet and 1s 44’5 inches in length

from the inlet section to the -outlet section. It Is composed of
three component parts: the Inlet section, the stator casing, and
the rotor.

Inlet section. ~ The cast-aluminum inlet section (fig. 1) of
the X24C-2 compressor hes an ammular alr passage with an inner and
outer diameter of 7§ and 21 Inches, respectively. The length of

the inlet sectlon, exclusive of the inlet-guide vanes, iam 8@ inches,

Four alrfoil-shaped struts support the front bearing housing. Pas-
sages within these struts provide for the front bearing lubrication
and the accessory drive.

The inlet~gulde vanesars fully shrouded end the innsr shroud
is securely bolted to the rear of the inlet section. The inner
and outer shrouds are tapered to provide a converging alvr passage
from the inlet to the outlet of the blades. The inner-shroud

dlemeter of the inlet-guide vanes Increases from 7—2— to 9% inches

and the outer-shroud diameter decreasmes from 21 to 19 inches, the
stator-cesing inner dlameter, The inlet-guide vanee turn the air
In the direction of rotor rotation., The 34 aluminum hlades have a
uniform chord length from base to tip. A hemispherical hub is
attached to the entrance of the inlet section to provide smooth
air entry Into the compressor proper.
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Stator casing. - The stator casing (fig. 2) 1s split into
equel parts both axially and clrcumferentlally. The casing has an
inside dlemeter of 19 inches and circumferentlial grooves to support
the nine stator and the two outlet-~guide-vane diaphragms. The cas-

ing hes an over-all flange-to-flenge length of 3?% inches,

The stator blader are stalnless ateel and are welded to the
stainlegs-~gteel inner and outer shroude. These shrouds are semi-
circular so each half can be easily mounted in the campressor-
caging grooves. Two retalning screws hold each half of. the dia-
phragm in place. Sheet-metal stripe are welded to the lnner shroud
of each atator row of blades (fig. 2(b)) both at the inlet and the
outlet to minimize backilow and to form air seals with machlned
shoulders on the rotor. The two rows of outlet-guldc vanes are
aluminum alloy and are peened to the inmner and outer shrouds. From
the outlet-gulde vanes to the collector, the alr paseesge forms a
diverging outlet area. In order to simplify the campressor-ocutlet
instrumentation in this invegtigation, the divergent area was
gtralghtened by Installing a machined 1lnsert as recommended in
reference 3.

Rotor, - The X24C-2 compressor rotor (fig. 3) is composed of
10 rotor disks that are slotted for blade mounting. The first
nine disks are integral and are mechined from a solld aluminum-
alloy forging; the tenth rotor disk, made of steel, 1s bolted to
the preceding nine rows. Metal 1s removed between each disk to
decrease weight and to permit the adaptation of the stator-blads
inner shrouds and the metal seal strips. The rotor has a corstant
inner dismeter of 9.500 Inches for the first two stages, after
which the dlameter gradually Increases through the succeeding
stages to 14 inches at the tenth row. This rotor has a constant
diameter at the blade tlps of 18.910 inches., The hub-tip ratiocs
at the first eand the last stages are 0.50 and 0.74, respectilvely.

The rotor blades are steel and are attached to the rotor by
8 bulb~-type bege in the same menner as the blades of tho 19B and
19XB compressors (references 1 and 2). The blades decrease in
height progresaively from the inlet to the outlet of the com-
pressor. A 0.045-Ilnch clearance was meintained between the rotor-
blede tips and the compressor casing. All rotor-blade tips are
grooved to a redial depth of 7/64 inch to minimize damage to the
compressor in case the blade tips rubbed the casing. An sxlal
clearance of approximately 0.125 Inch detweeu stator and rotor
blades was maintalned.
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SETUP AND INSTRUMENTATION

The setup used for the inveatligatlon of the X24C-2 axial-flow
compressor is shown in figure 4. The compressor was driven by a
9000-horsepower variable-freguency induction motor rated at
1793 rpm, through & gear box with & step~up ratlo of 8.974:1. The
compreasor and the collector were mounted on a pedestal that sup-
ported the unlt at the inlet and the outlet secitlons.

ATon avmd-amaad .:.nﬁ-.-.-n-t-.-.n antPd o +hwvwAanosh a ir -l--‘-a-vr?'l-n-
Al SUUeTreld & measur Lilpg, UL Al i Ll Ul NUUUTLL Ly
o)

vou a -+
throttle valve, and continued Into & depression tank 6 feet 1n
dlameter and approximately 10 feet In length. Three screens wore
fitted into the mldsection of the tank to remove any foreign par-
tlcles and %o insure & smooth alr-flow distribution. A wool bell-
mouth was fitted between the depression tank and the compressor-
Inlet section to lnsure smooth alr entry into the compressor. The
alr leaving the compressor passed through the straight annular oub-
let passsge into the collector, Two 20-inch radial outlet pipes
located diametrically opposite removed the discharge alr from the
collector to & common 20-inch pipe line connected into the labora-
tory altitude-exheust facillties., A screen was welded into the
outlet passage preceding the collector to decrease the poseible
clircumferentlal pressure varilations. The compressor-cutlet pres-
sure was regulated by & butterfly throtitle valve located in the
outlet pipe. Inlet-air plping, depression tank, compressor, and
part of the outlet piping were lagged to minimize heat transfer
between the working fluild and the ambisent air.

Sy
Guc
ess

The compreasor rotor and the drive-shaft assembly used in
this investigation are shown In figure 5. A splined coupling
connected the gear box to the compressor, which was bolted to the
conpresgsor robtor through & rigid coupling. The unit had a three-
bearing suspension; the front bearing was & thrust ball bearing
and the other two were rollsr besrings, The front bearing was
designed for a maximm thrust of 1500 pounds; to prevent operation
above this value, the besring outer race was held In a thrust-
meaguring device comparable to a metal bellows and mounted in the
compressor-Inlet sectlon. Twelve straln gages were mounted in
series on the parts of the thrust-measuring device subjJected to
gtrain. By previous calibration the axial movement of the
rotating assembly and the strain on the front bearing could be
determined. The strain was determined by measuring the resist-
ance in milliveolts across the stralin-gage bridge on a potenti-
ometer. A steel balance piston (fig. 5) was bolted to the rear
of the compressor drive shaft and the two faces of the piston
wore sealed from other parts of the setup. High-pressurs alr
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was admitted to the forward side of the pilston to counteract the
thrust developed by the compressor and to reduce the axial loading
of the front bearing.

The air-weight flow through the compressor was measured by a
calibrated, submerged, adjusteble orifice located in a straight sec-
tion of the lnlet piping. The pressure drop across the orifice was
determined by a water menometer; the upstream pressure wes measured
by a mercury manometer. Two iron-constantan thermocouples and two
total-pressure tubes immediately upetream of the orifice were used
to determine the state of the air entering the orifice. The entire
compressor alr-flow passege was sealed and the alr flow necessary
for the alr-borne oil-mist lubrication system was metered in order
to eliminate the air-leskege difficulties reported in reference 2.

A totel-pressure reke consisting of flve total-pressurec tubes
was used in conjunction with four wall statlc-pressure taps in the
common 20-inch outlet pipe to check the alr-welght flow downstream
of the compressor. The total-pressure tubes across the plipe were
located et the area centers of egqual annular areas, The veloclty
preagure of the alr flow was measured wlth water manometere. The
outlet welght flow was used solely as a chdck for the Inlet welght
flow determined by the submerged orifice, Both alr-messuring
devices were previously calibrated agalnst a standard orifice tank
and an orifice. Because the measurements at the two stations
agreed to within experimental error, only a negligible amount of
air leakage exlsted at the particular value of lnlet pressure
Investlgated.

Inlet meassurements were taken in the depression tank shoad of
the compressor-inlet section, as recommended in reference 3. Two
thermocouple rskes were inserted ln the tank 180° apart. ZXEsch
rake consisted of three thermocouples located at the centers of
equal annular areas. Because of the large cross-sectioral area
of the tank, the veloclty of the alr through the tank was neg-
ligible and two statlic-pressure taps could be used to mossure
total pressure at the compressor inlet.

Static pressures before and after the Inlet-section struta
and after the inlet-gulde vanes were measured. In order to obtain
the pressure gradient through the compresscr, the static pressure
between each row of blades was determlned by pressure taps In the
compressor casing before and after each row of stator blades.
These interstage pressures were taken 1n approximately the same
longitudinal plane, each tap belng centrally located between two
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stator blades., Eight outlet stablc-pressure tubes and six thermo-
couples were located In the compresscr-cutlet section, as recom~
mended in reference 3, to determine the compressor-outlet
conditions.

Pregsures were meassured with water and with mercury manometers.
All temperatures were taken with calibrated lron-constantan thermo-
couples. The difference in pobential between the hot Junction and
the ice bath was measured with a sensitive calibrated potentiometer
In conjunction with a spotlight galvanomster. The speed of the
rotor wag measured with an electric chronometric tachometer,

The precision of the measured and of the calculated guantities
is estimated to be within the -following limits:

Temperature, = O 1o I -
Pressure, in. HE . + « ¢ « « « o o ¢ s « « o« s « s o« « o « «E0,05
Welght flow, percent . . « ¢ ¢ +'6 o ¢ o oo o &« o « o o« « o F.0
Compressor speed, percent ., « + « « « s & o 2+ « o « « & « « o *F0.5
Pregsure ratio, percent . . . . . . . s . ¢ ¢ o e ¢ s 4 s . . EO3
Efficlency, Dorcent ., + « « « v 6 o o « e o o s & o s o o o o 205"

SAccuracy for pesk efficiency at design speed. At lower speeds
vhere the temperature rise through the compressor is lower, the
percentage of accuracy slightly decreased,

METHODS

The investigation to determine the performance characteristics
of the X24C-2 exlal-flow compressor was made at ambient-alr tem-
perature and the highest constant Inlet-alr pressure available.
The inlet temperature varied from 528° to 543° R with an average
value of 538° R. With an inlet-air pressure of 21 inches of mer-
cury absolute, runs were made at 30, 40, 47, 55, 65, 72, 80, and
89 percent of design speed (12,000 rpm}. 044 increments of speed
were necesalitated by the critical spesds encounbtered at 50, 60,
and 90 percent of deslgn speed. At design speed, excessive pres-
gure drop in the inlet plping limited the maximum inlet pressure
to 19.5 Inches of mercury sbsolute. For each speed, the alir-welght
flow was varied from the maximim obtainable to the point Just
befors Inciplent surging. Surge was detected audibly and by fluc-
tuation In the manometers.

All data were corrected to NACA standard sea-level conditlons
(29.92 in. Hg and 518.4° R). The compressor-outlet total pressure
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and all compressor-performence paremeters were calculated in accord-
ance with the recommendations of the NACA Subcommittee on Compres-
gsors (reference 3)}.

SYMBOLS

The following symbols are used in the calculationa:

p
C
Y

D

specific heat at constant pressurs, (Btu/(1b)(°F))
specific heat at constant volume, (Btu/(1b)(°F))
inside dlameter of compressor casing, (ft)
standard acceleration of gravity, 32.174 (ft/secz)

enthalpy corresponding to stagnation conditions,
(Btu/1b)

mechanical equivalent of heat, 778.6 (ft-1b/(1b}(Btu))
outlet Mach number

polytroplc exponent

number of stages

absolute inlet total pressure, (lb/sg ft)

ebsolute outlet total pressure, (1b/sq ft)
root-mean-presaure ratlo per stage

absolute static pressure, (1b/sg ft)

absolute statlc pressure at various polnts slong
compressor casing, (1lb/sg £t)

gas constant, 53.345 (££-1b)/(1b) (°R) for dry air at
59° R

sbsolute inlet total temperaturs; (°R)

ebsolute outlet total tempersture, (°R)

L
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u

Ui,

Ub,z

rotor speed at tip for first stage, (ft/sec)
rotor speed at hub for first stage, (ft/sec)
rotor speed at tip for l=ast stage, (ft/éec)
rotor speed at hub for last stage, (f£t/sec)
weight flow, (1lb/sec)

welght flow corrected to RACA standard gea-level
conditions, (1lb/sec)

speciflc egquivalent flow rate corrected to NACA
standard sea-level conditione, (1b/(sec)(sg £t))

ratio of specific heats, cp/cv
increment of state function for polytropic process
from lnlet total pressure and temperaturs to out-

let total pressure and temperature

ratio of inlet=air total pressure to NACA standsrd
sea-level pressure :

pelytropic efficilency, <m;]-11— < —l)

Increment of state function for isentroplc proceas
from Inlet total pressure asnd temperature to oubt-
let total pressure

adiabatlic temperature-rise effilciency

ratio of inlet-air total temperature to NACA standard

gea-lsvel temperature
¥
polytropic loss factor, EE (1 - np)
T
mean pressure coefficlent per stage

work-Input factor based on adlghstic temperature-rise
efficiency

polytroplic pressure coefficient per stage
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CAILCULATICNS

The following equatlons were used to determine compreasor
paremetors :

v IAH
2

2
n(m,l + Um,z )
k zg

where
Up,1 = /% (Ui,lz + Uz)
Un,2 = /_21_ (U:L,z2 * Uo,zz)

The mesn polytropic pressure coefficlent per stage is computed
in the same manner with the exception that the Increment of stete
function for the polytropic process from inlet total pressure and

temperature to outlet total pressure £§3 1s substituted for the
corresponding value of the isentropic praocess A\.

The polytropic exponent m was determined by substituting
actual values of pressure and temperature in the equatlon

L
T\ 2T _ (%
Ty T A\PL

The polytropic energy addition to the ges 1s given by

m-l
n
ii m [P m P

The polytroplc efficiency is then _
R y
Ll Jﬂ-l)/(y-l)
T
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RESULTS AND DISCUSSION

General performance, - In the followlng discussion, all
results are corrected to etandard sea-lsvel inlet conditions of
pressure and tamperature corresponding to 29.92 inches of mercury
absolute and 518.4° R, respectivély. The variation of over-all
pressure ratlo across the campress7r P /P and root-mean-
pressure ratlo per stage (P,/P;)Ll/n with weight flow WA6/5

end specific equivalent weight flow W./8/6D° is shown in
figure 6 for severzl speeds, Figure 6(a) prosents the compressor
performance over the entlire range of speeds Investlgated.

Figures 6(b) and 6(c) show the low-and high-speed runs, respsc-
tively, on an emlarged scale in order that accurate values of
mass Flow and pressure ratlo can be determined. Adlapatlc
temperature-rise efficiency contours and the surge line are aglso
shown. Performance characteristics at peak pressurs ratio,
adiabatic efflciency, and pressure coefficient at the higher
compressor speeds are glven in the following table:

At peakx adigbatic temperature-
rise efficiency

Percentage | Adlabatic Pressure | Mean pres-; Corrected
equivalent | temperature- | ratio sure coef - air-weight
design rigse effi- ficient flow
speed ciency (1b/sec)
100 0.828 3.02 0.338 55.9
89 0.846 2.60 0.360 48.4
80 0.827 2.19 0,354 41.1
72 0.812 1.91 0.358 33.7

At peak pressure ratio and
peak pressure coefficient

100 0.803 3.44 0.385 54.0
89 0.823 2.79 0.391 46.6
80 0.813 2.26 ' 0.374 39.4
72 0.744 1.97 0.375 30.4
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The peak pressure ratlio for a given compressor speed increased
as the speed was incroased. At the design speed, the maximum pres-
sure ratic of 3.44 was obtalned with an adisbatic temperature-rlae
efficiency of 0.803, an equivalent weight flow of 54.0 pounds per
gecond, and a value of W’M@?BDZ of 21,5 pounds per second per
square foot (figs. 6{c) and 7). The welght Flow obtalned was
approximately 1 percent lower than the design weight flow of
54.6 pounds per second; thils disagreement was within experimental
error, The meximum pressure ratic obtalned, however, was approxl-
mately 14 percent lower than the deslgn pressure ratio of 4. The
peak adlabatlic temperature-rilse efficiency at the design epeed was
0.828 and was obtained at a pressure ratioc of 3.02 and a corre-~
sponding flow of 55.9 pounds per second (figs. 7 and 8).

The theoretical meximum alr flow calculated by assumlng sonic
veloclty et the minimum srea shead of the first row of rotor blades
is 62.8 pounds per second (fig. 6), which indicates that at the
meximum fiow of 56 pounds per second & choking condition at_the
inlet-gulde venes was belng approached. The value of WU/§7BI3
of 21.6 at the maximum pressure ratlo shows that this compressor
has & very high flow capaclty compared with other current com-
preagors. The flow at maximum pressure ratlo corresponds to about
56 psrcent of the value for sonlc conéltlons ahead of the compres-
gor where the full frontal area based on the rotor-tip diamster ls
used for the flow calculations.

The range of -surge-free welght flow obtainsble at a glven
apeed Increased with speed from 30 to 865 percent of deslign speed
and decreazsed slightly with epsed through 80 percent of design
epeed. The range at all these speeds was large, however, &t a
relatively constant pressure ratio. At 8% and 100 percent of the
design speoed, there was an abrupt decresse In the range of surge-
free woight Ilow.

The pressure-ratlo curves were limited at the lawest flow by
surge for all speeds. The screen placed in the outlet of the com-
pressor to indure uniform outlet conditions choked at slightly
lower welght flows than did the compresgsor, thereby limiting the
high-flow range of the pressure-ratio curves, The campresscr was
near a choking condltion, however, because the curves were
approaching a constant alr-weight flow, particularly at the higher
speeds. Conseguently, the range of operaticn that 1s of interest
was covered. The surge line 1is straight over the entire range of
speeds investigated with the exception of the design speed, where
the slope of the surge line Incresases. The straight part of the
surge lilne passes through the point of zero mass flow and a pres-
sure ratio of 1.0 and has a slope of approximately 0.038.
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Adlabatic temperature-rise efflciency. - The varistlon of
adlasbatic temperature-rise efficlency with welght flow for all
speeds investigated 1s shown in Ffigure 7. The peak efficisncy
Increased from 0.720 to 0.846 as the speed was increased from 30 to
89 percent of deslgn speed: the peak efficlency at design speed
dropped slightly to 0.828. The meximum adlabatlc temperature-rise
efficiency of 0.846 wes obtained at a pressure ratio of 2.60 and s
welght flow of 48.4 pounds per second. At a given speed, the.
efficlency increased to a peak value and then decressed as the
welght flow was increased at speeds up to and including 80 percent
of deslgn speed. At 89 and 100 percent of design speed, the
adiabatic temperature-rise efficiency was high and almost constant
over the complete surge-free alr-flow range, which shows that the
campressor had nct gqulte resached a choking condition.  In general,
the efficient surge-free operating range of the X24C-2 comprossor
foxr a glven speed was comparatively large, especlally at the lower
speeds,

The variation of adlabatic temperature-rise efficlency with
over-all pressure ratlo for the speeds Investigated is showm in
figure 8. At each speed, the end of the curve with the higher
pressure ratio is limlted by surging. At 30 to 80 percent of
design speed, the efflclency for a given speed increased with
pressure ratio to the peak value and decreased as the equivalent
welght flow was further decreased (fig. 6{a)). The efficiency
continued toc decrease with a further Increase in pressure ratio
until the peak pressure ratlo was reached; at this point, both
efficlency and pressure ratio decreased simultaneously. At 89 and
100 percent of design speed, an extremely large operating range of
pressure ratio could be obtained wlth an almost constant high
value of sdigbatic temperature-rise efficlency.

Pressure coefficient. - The varliation of the mean pressure
coefflcient per atage with equivalent weight flow for the com-
pressor speeds Investigated ls shown in figure §. Presaure
coefficient 1s the ratlio of the adisbatic energy additlion to the
ges 10 a constant times the sguare of the tangential veloclty of
some mean blade section In the compressor. It may be Interpreted
as a measure of the work done on the gas in an ideal process,
brought to a nondimensional basis by dividing by the sgquare of a
mean tengential velaclty. At speeds from 30 to 80 percent of
design speed, the presaure coefficient for a given speed Increased
t0 a maximum and then decreased as the weight flow was increased.
At 89 and 100 percent of deslgn speed, however, the pressure
coefficient contlnually decreased ass the weight flow was increesed.
The lowest flow polnt of all the curves was limlted by surge. The
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peak pressure coefflcient decreased from 0.43 to Q.37 in going from .
30 to 80 percent of design speed; at 89 and 100 percent of design
speed, the peak pregsure coefflclent increased to approximately
0.39 for both speeds. The gradual decrease followed by the sudden
increage in the peak pressure coefficlent with increasing speed 1is
probably due to the differences in matching of the lndividusl
stagee. The peak values of pressurs ccefficient for a given speed
naturally occurred at the same values of welght flow as dld the
veak pressure ratio (fig, 6), bocause the two functions are
directly related. The peak values of pressure ratlo at each speed
inveastigated occurred at wvalues of pressure coefficient in the
proximity of 0.40.

At each apeed, the peak adlabatic temperature-rise efficlency
ococurred at values of the pressure coefflcient fairly cloese to
0.35, as shown in figure 10, which is a cross plet of figures 7
and 9. The pressure coeffliclent also appears to govern the mag-
nitude of the efficlency when the loading of the compressor blades
is small; that is, in the high-flow regions at the low speeds (on
the left mide of figure), the data of figure 10 can be represented
by a single curve. Apperently, the efficlency in the high-flow
region for the low gpeeds is largely dependent on the ideal work
done by the blades rather than the matching of the stages.

Work-input factor. - The variation of work-input factor
based on adiabatic temperature-rise efficlency ¥ /n, with

equivalent welght flow for the various speeds 1a shown in

flgure 11, Work-input factor 1s the ratlo of the actual energy
addition to the gas to a constant times the sguare of the tan-
gential veloclity of some mean blade section in the campressor and
may be regarded as a measure of the actual work done on the gas
brought to a nondlmensional basis by dividing by the square of a
mean tangential velocity. At each spesed, the work-input factor
decreased as the welght flow waa Increased. The peak work-Input
factor for a glven sveed decreased from 1.50 to 0.48 in going
from 30 to 100 percent of design speed. Inasmuch es the contours
of adisbatlc temperature-rise efficiency and pressure ccefficlent
when plotted against weight flow are similar (figs. 7 and 9), the
general slope of the work-input factor curves at various apeeds
indicatea that the efficlency decreased mére rapldly than pressure
coefflclent in the low-flow ranges of operation. The peak pres-
sure ratio for a gilven speed, occurred at values of the work-loput
factor from approximately 0.65 to 0.48 in going from 30 to 100 per-
cent of design epeed (figs. 6 and 11).

In the case of work-input factor, much better correlation of
the data for different speeds was obtained by the use of polytropic
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efficiency rather than adisbatic efficilency (fig. 12). Polytropic
efflciency may be considered an indication of mean stage efficiency.

The work-input factor determines the point at which the peak
polytroplec efficiency of thls compreseor occurs. As shown in
Tigure 12, the peak polytroplc efficiency for all speeds occurred
at a work-input factor of approximately 0.45. When the compressor
blades are lightly losded (high flows and low speeds, shown on
left side of Figure), or when the blades approach stelling (low
flows and low speeds, shown on right side of figure), & single
curve may be used to represent the data., The actual work done on
the gas by the campressor thus sesems to be an imporitant factor in
dstermining the mean-stage efflclency.

Loss factor. - If the polytroplc pressure coeffliclent 1s
congidered g measure of the useful work done on the gas during
the compresslon process and the work-input factor is regarded as
a measure of the actual work, then the losses would be given by

7‘p = actual work - useful work

v ¥
= £ -v = Biag,) = (1)
T, Py P oap T P

where

_ JAE
P P_(Um, 12 , Um, 22>
2\ 2g 2g

The polytropic loss factor debermines to a large extent the
polytrople efficiency regardless of speed, as shown in figure 13,
All the data correlate reasonably well on two curves that con-
verge as the maximum efficiency is approcached. For thls com-
pressor, the maximum efficlency occurs at the polnt of minimm
losses. Also, at the point of maximum eff'iciency, the two con-
verging curves appear to be tangent to & line passing through
a polybtropic efficlency of 1.00 whén the polytropic lose factor
is 0. The polnts for low flows at low speeds fall on the curve
on the right slde of the figure and those for high flows at low
apeeds fall on the curve on the left slde of the figure. At the
higher speeds (89 and 100 percent of design speed), the points
actually occurred at very near the maximum efficilency, because
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the compressor had an almost constant high efficilency cover the com-~
plete range obtalned at these speeds. Although the data correlatod
reasonably well on the two previously mentioned curves, the effi-
clencies at the lower speeds actually nbver reached the maxinum
value, Consequently, at the lower speeds the curves actually
obtained 1n the region of high efficlency are similar to that shown
for 30 percent of deasign speed.

Outlet Mach number. - The varlatlion of ocutlet Mach number with
wolght flow for the speeds investigated 1s presented in figure 14.
The outlet Mach number wes coamputed by the method glven in refer-
ence 3, which 1s based on the axiael component of the outlst-air
veloclity. Because a machined insert was located in the diffuser
passage  to give a conctont-area outlet section and the outlet
gulde venes of the X24C-2 compressor were designed to remove all
whirl velocity, the values glven are representative of the Mach
numbers immediately behind the last row of outlet gulde vanes in
the actual englne Installation. The Mach number at the diffuser
outlet in the actual engine would, of course, be much smeller
because of the larger outlet arsa.

For a glven speed, the cutlet Mach number increased as the
wolght flow was increased. The Mach number 1s almost constant
at 0.28, the highest flow points for speeds from 65 to 100 percent
of design speed. The approach to vertical of the slopes of the
curves at the high-flow ends 18 an indlcation that the compressor
vas very near a choking condition when the mass flow was limited
by the screen In the outlet section, as previously mentioned. The
outlet Mach number was 0.23 at the point of maximum pressure ratio
(3.44) obtained at the design speed. (See figs. 6 and 14.)

Interstage static pressures, - The exial distribution of
static pressure measured along the compressor casing ls shown in
figure 15 for peak efflciencies for the speeds Inveatigated. The

term Px/Pl represents the ratio of the static pressure at 41f-

ferent polnts along the compressor casing to the Inlet total pres-
sure. In general, there wes a uniform rilse 1n statlc pressure '
from the first rotor through the rest of the coampressor. Fram

30 to 65 percent of design speed, the tembth rotor row appears to
be acting like a turbine; that is, an actual preseure drop existed
acroas the tenth row of rotor blades at the compressor casing. At
the higher speeds, however, this rotor had a normal rise in statlc
pressure. The pressure drop escross the Inlet-guide venes became
guite high as the speed was Increased; at design speed, the pres-
sure ratio across the inlet-guide venes was 0.59, which 1s near
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the critical pressure ratioc. This low pressure ratioc supports the
fact that the maximum welght flow theoretically possible to pass
through the inlet-guide vanes is 62.8 pounds per second (fig. 6).

SUMMARY QF RESULTS

An investlgatlon of the performance of the X24C-2 10-stage
axigl-flow compressor at an inlet pressure of 21 lnches of mercury
absolute and an inlet temperature of 538° R produced the following
results:

1. The performance characteristics obtained at the higher
values of equivalent speed were as follows:

At peak adlabatic temperature-
rigse efficlency

Percentage | Adlabatic Pressure | Mean pres- { Corrected
equivalent | temperature- | ratlo sure coef- | air-weight
design rise effi- ficient flow
speed cienoy (1b/sec)
100 0.828 3.02 0.338 55.9
89 0.846 2.60 0.360 48.4
80 0.827 2.19 0.354 41.1
72 0.812 1.9 0.356 33.7

At peak pressure ratio and
peek pressure coefficient

100 . 0.803 3.44 0.385 54.0
89 0.823 2.79 0.391 46.6
80 0.813 2.26 0.374 39.4
72 0.744 1.97 0.375 30.4

2. At equlvalent design spesd, the compresgor had s maximum
pressure ratio of 3.44 at an equivalent weight flow of 54.0 pounds
per second and an adlsbatic temperature-rise efflclency of 0.803.
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This welght flow checked the design value, 54.6 pounds per second,
wilthin approximately 1 percent, but the pressure ratlo cbtalned was
14 vercent lower than the design pressure ratlo of 4. The peak
adlabatlic temperature-rise efficiency at the design equivalent
speed was 0,828 obtained at a pressure ratlo of 3.02, and an equiva-
lent weight flow of 55.3 pounds per sscond.

3. The compresaor had a camparatlvely large surge-free oper-
ating range of weight flow for a gliven speed at speeds up to 89 per-
cent of design speed; at 89 and 100 percent of deslgn speed, this
range decreased appreclably.

4. The peak adlebatic temperature-rise efficiliency for a glven
gpeed generally occurred at values of the pressure coefficilent
faliriy close to 0.35.

5. At peak adisktatlic temperature-rise efficlency for & given
speed, there was generslly a unlform rise 1n static presesure along
the compresgor cesling from the first rotor row through the rest of
the compressor. The tenth rotor row, however, appeared to be act-
ing as a turbine at some of the lower speeds.

6. For thls compressor, the efficlency data at the varlous
speeds could be correlated on two converglng curves by the use of
a polytroplc loss factor derlved hereln.
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TABLE | - DESIGN DATA FOR X24C

)
Biade Btade length Chord length |Blade thickness | Number | Approximate stagger angles
row lig. in.) (percent chaord of (deg})
Leading frailing | Casing Hub Casing ub blades | Hub [+ 5=+ B-B A=A
edge edge A=A c-C A=A c-C
1.G.Y.|] 6.067 4,862 | 1.525] 1.525 5.51 5.5 34 10 13 17
le 4.750 4.750 | 1,720 ] 1.717 9.42 | 14.85 17 21 23 32 %
18¢ 4.7%0 4.750 | 1.248 ¢} 1,248 8.96 8.98 24 24 28 32 36
2R 4.790 4.7%0 | 1,720 | 1,717 9.42 | 14.5% 0 25 7 k< 3] 39
25 4,750 4.750 | (.122 ) 1.233 8.00 9.08 0 17 19 31 38
3R A.Zgg 4.635 | 1.388 | 1.638 9.58 | 1l1.47 25 23 27 34 38
35 'R 4,898 .585 1.228 8.84 9.04 .36 23 25 . 33 7
4R 4.535 4,367 | 1.388 | 1.639 8.58 il.47 26 24 3 34 38
48 4,385 4.214 89571 1.2¢8 8.84 9.04 38 26 28 K <] 40
SR 4.125 3.803 | 1.388 ] 1.639 | 9.58 | 11.47 p- <) 27 32 a 42
55 3.910 3.747 971 1.214 9.16 9.06 40 .2l 32 a8 42
6R 3.67% 3.484 | 1.2687 | 1.481 8.78 | t1.82 34 30 33 40 42
?S 3.513 3.374 871 1.214 8. 16 06 42 32 34 0 44
R 3.%05 3.152 | 1.267 | 1.481 9.78 .82 3B 33 35 42 44
7S 3.184 3.065 971 1.214 g.186 |.9.08 44 34 38 44 48
8R 3.000 2.850 | 1.267 | |.481 9.78 | 11.82 38 3c 36 43 45
8s 2.883 2.782 810 1.007 | 10.87 9.33 60 34 35 42 45
ok 2.7i7 2. 586 894 | 1.260 9.46 | 11 .79 49 34 37 43 47
as 2.619 2.520 810 1.007 | 10.87 9.33 62 35 % 43 47
I0R 2.45% 2.455 .994 | 1.260 9.45 | 11.75 49 37 QL 45 50
0.G.V.8] 2.512 | 2.637 | 1.000} 1.000 | 9:00 | 9.00 82 48 a8 46 a8
0.G.V. 8| 2.653 2.822 | 1.000 | 1.000 9.00 9.00 76 14 14 14 i4
NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
a
binlet-gulde vanes.
cRotor.
Stator,
d

First row of outlet-guide vanes.
®Second rov of outlet-guide vanes.

Distance to section from point of intersection of mean axial line and blade base.
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AXIAL-FLOW COMPRESSOR BLADES NAT |QNAL ADVISORY
COMMITTEE FOR AERONAUTICS
Location of Leadingeedge | Trailing-edge Maximum
stagger angles radius radius thickness
?ln.) (in.) (in.) fin.}
G Casing] Hub {Casing [ Hub | Casing | Hub
A=A L A=A c€ A=A cC
1.016% 1.750]|1.750 10.037 10.037 {0.005 |0.005]| 0.090 |0.090
375 | 2.000]{2.000 036 055 0056 .005 162 «250
375 [ 2.000(2.000 025§ 025 .005 .005 [e2 12
.375 | 2.000(2.000 .036 | .085| .005 .005| .i62 .25
.375 | 2.000(2.000 | .023 | .025{ .Q05 L0051 .10} .12
8751 1.500|1.800 | .029 | .04i 005 .005( .I33 . 188
.313 1 2.000)1.800 | .0l1g | -.025 | .00% 0051 .088 At
8751 1.800]1.500 029 | .041 ] .005 .005] .133 .88
«313[2.000{1.800 | .0I9 | .0251 .005 .005] .088 ey Rotor| biade
875} 1.50011.500 | .029 | .041 005 0051 .133 .88
418 I.gg 500 | . 025 .005 . .089 .10
350 1 1. §.000 .028 .038 005 .005 .24 . 1758
«418 | 1.500[1.500 | . 025 | .005 .005| .089 110
35| 1.500]1.000 | . .038 [ .005 . .24 175
418 l.%g .00 | .0 028 .005 005 .089 110
359 1 ). 1.000 | . .038 | .005 . 124 . 175
«410 [ 1.000]1.000 018 | .021 .005 .005| .088 .094
375 | 1.000{1.000 021 .033 ] .00%5 005 .084 . 148
410 | 1,00011.000 ! .0i19 | .021 .005 .005( .088 .094
«375 | 1.000{1.000 | .021 .033| .005 005 .084 . 148 .
ool cafee—- ]| 020 | .020| .0056 | .005] .090 | .09Q Stator blade
[ | me——— e~e=-] .020| .020{ .005 005 . -
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Figure !. - Front view of inlet section of X24C-2 axial-flow compressor.
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{a)l Inside of top haif.
Figure 2., - Stator casing for X24C-27axial-flow compressor.
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Figure 2. -~ Concluded.

NAGA
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(b} Front of top half.
Stator casing for X24C-2 axial~-flow compressor.
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Figure 3. - Rotor for X24C-2 axial-flow compréssor.
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Figure 4. - Setup for investigating performance of X24C-2 axial-flow compressor.
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Figure 6. - variation of over~all pressure ratio and root mean pressure

ratio per stage with equivalent weight flow and specific weight flow.
No diffuser; inlet total pressure for all speeds except equivalent
design speed, 1485 pounds per square foot (21.0 in. Hg abs.); inlet
total pressure for equivalent design speed, (379 pounds per square
foot { 19.5 in. Hg abs.); inlet total temperature, 538° R.
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Figure 6, - Continued. Variation of over-all pressure ratio and root mean pressure ratio per stage
with equivalent weight flow and specific weight Tlow. No diffuser; Iniet total pressure for all
speeds except equivalent design speed, 1485 pounds per square foot (21.0 in, Hg abs.); inlet total
pressure for equivalent Wesign speed, 1379 pounds per square foot (19.5 in. Hg abs.}; inlet total
temperature, 538° R,
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gure 6. - Concluded. Variation of over-all pressure ratio and root-

mean-pressure ratic per stage with equivalent weight flow and spe-
cific weight flow. No diffuser; inlet total pressure for all speeds
except equivalent design speed, !485 pounds per square foot (21.0 in,
Hg abs. }; inlet total pressure for equivalent design speed, 1379

pounds per square foot (19.5 in. Hg abs.}; inlet total

temperature,
538° R.
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Figure 7. .- Variation of adiabatic tempaerature-rise efficiency with equivalent weight flow.
fuser; Inlet total pressure for all speeds except equivalent design speed, 1485 pounds per square
foot (21,0 In. Hg abs.); inlet total pressure for equivaient design speed, 1379 pounds per square

foot {19.5 in, Hg abs.); inlet total temperature, 538° R,
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Figure 9. - Variation of mean pressure coefficient with equivalent weight flow.
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Figure 10. — Variation of adlabatic temperature-rise efficiency with
mean pressure coefficient. No diffuser; inlet total pressure for all
speeds except equivalent design speed, 1485 pounds per square foot
(21.0 in. Hy abs.}; inlet total pressure for equivalent design speed,
1379 pounds per square foot (19.5 in. Hg abs.); inlet total tempera-

_ture, 538° R. (Cross plot of figs. 7 and 9.)
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Figure 12, - variation of polytropic efficiency with work-input factor.
No diffuser; inlet total pressure for all speeds except equivalent
design speed, 1485 pounds per square foot {21.0 in/ Hg absl); inlet
total pressure for equivalent design speed, !379 pounds per square
foot (19.5 in Hg abs.); inlet total temperature, 538° R.
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‘Hg abs.); infet total pressure for equivalent design speed, 1379 pounds per square foot (19.5 in.
Hg abs.); inlat total temperature, 538° R,
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Ratio of absolute static pressure to absolute inlet-total pressure, Px/P,

L Fig. 15
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Tank 1.GV.; IR 2R 3R 4R 5R 6R 7R 8R 9R 10R O.P.
CE. LGV, IS 28 33 45 55 6S 7S 8S 9s  0.G.V.,

Static-pressure measuring station

Figure 5. - variation of static pressure along compressor casing for

peak efficiency Qpnditions. No diffuser; inlet total pressure for all
speeds except equivalent design speed, 1485 pounds per square foot
(21.0 in. Hg abs.); inlet total pressure for equivalent design speed,
I379 pounds per square foot (19.5 in. Hg abs.); iniet total tempera-
ture, 538° R; compressor entrance, C.E.; inlet-guide vanes, [.G.V.;
rotor blades, R; stator blades, 5; between two rows of outlet-guide
vanes, 0.G.V. ; outlet passage, 0.P; inlet, i; outlet,o.
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